p lied to the contralateral cortex in the same manner. Fol lowing recovery for 24 h, bilateral forebrain ischemia was induced for 6 min, and the animals were p ermitted to survive for 6 days for assessment of histo p athology. The number of necrotic neurons was counted in the cerebral cortex, striatum, and hi pp ocam p us of both hemis p heres. In se p arate sets of animals, the effects of KCl a pp lication on cortical direct current (DC) p otential and regional ex p ression of c-fos mRNA and 72-kDa heat shock p rotein (hs p 72) mRNA were determined. Forebrain ischemia in duced selective neuronal necrosis in both hemis p heres, but the number of necrotic neurons in the cerebral cortex i p silateral to the a pp lication of KCl was significantly
In a previous study, we demonstrated that a brief occlusion of the middle cerebral artery (MCA) in duced tolerance in cortical neurons to a subsequent episode of ischemia (Glazier et a!., 1994) . The in duction of ischemic tolerance in cortical neurons is similar to that described previously in CAl hippo campal neurons preconditioned with a short period of global ischemia (Kirino et a!., 1991; Kitagawa et a!., 1991; Liu et a!., 1992; Nishi et a!., 1993) . Isch emic tolerance in both cortical and hippocampal neurons has been associated with expression of the 72-kDa heat shock protein (hsp72) following the smaller than that in the contralateral cortex (p < 0.02, Wilcoxon signed rank test, n :;= 7). In the striatum and hi pp ocampus, there were no significant differences in neuronal necrosis between hemis p heres. A pp lication of KCl for 2 h induced II ± 2 (mean ± SD, n = 5) negative deflections of DC p otential in the i p silateral cortex; none were detected in the contralateral cortex, Wides p read ex p ression of c-fos mRN A was evident in the i p silateral cortex, while hs p 72 mRNA ex p ression was restricted to the KCl ap p lication site. The p resent results demonstrate that CSD induces tolerance of cortical neurons to isch emia by mechanisms unrelated to hs p 72, Key Words: Ce rebral ischemia-Cortical s p reading de p ression-Heat shock p roteins-Immediate early genes-Ischemic toler ance-Neuronal necrosis.
conditioning insult (Kirino et a!., 1991; Liu et a!., 1992; Nishi et a!., 1993; Glazier et a!., 1994) . hsp72 is one member of a family of stress proteins that are believed to increase the resistance of cells to a va riety of stresses, including ischemia (Parsell and Lindquist, 1994) . Thus, expression of hsp72 and re lated stress proteins is one mechanism that may re sult in ischemic tolerance following MCA occlu sion. However, MCA occlusion has also been re ported to trigger episodes of cortical depolarization that resemble those of spreading depression (Ned ergaard and Astrup, 1986; Iijima et a!., 1992; Ned ergaard and Hansen, 1993) . A recent preliminary report indicated that spreading depression evoked by application of KCI induced tolerance in hippo campal CAl neurons subjected to ischemia 3 days later (Kawahara et a!., 1993) . Thus, the objective of the present study was to determine whether KCI evoked cortical spreading depression (CSD) In duces ischemic tolerance in cortical neurons.
MATERIALS AND METHODS

Animal preparation
All procedures were in strict accordance with the NIH Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Com mittee. Anesthesia was induced in 25 male Wistar rats (271-412 g body wt) using 5% halothane. The animals were intubated and ventilated mechanically with a mix ture of 0.5-1.0% halothane/20% 02/balance N 20. A can nula was placed into the tail artery for measurement of arterial blood gases, glucose, and MABP. A rectal probe connected to a heating lamp was used to maintain core temperature at 37.5°C. The head of the animal was placed in a stereotaxic frame. and parallel longitudinal skin inci sions were made over the frontal skull. Burr holes (2-mm diameter) were placed bilaterally 4 mm rostral to bregma and 2 mm lateral to the midline, leaving the dura intact.
To induce CSD, filter paper soaked with 2 M KCI was applied to the intact dura on either the left or the right side. determined randomly in each animal. Physiological saline was applied to the contralateral side in a similar manner. The filter papers on both sides were replaced every 20 min for 2 h. at which time the papers were re moved and the burr holes were rinsed thoroughly with heparinized saline. All wounds were closed and core tem perature was regulated at 37SC until the animal was fully awake.
Bilateral forebrain ischemia
Animals were subjected to bilateral forebrain ischemia 24 h after application of KCI (n = 7). The animals were anesthetized with halothanelN ,0 and ventilated as de scribed. The tail artery was recannulated and rectal tem perature was regulated at 37.5DC. Through a longitudinal neck incision, both common carotid arterie<, were isolated and loosely encircled with 4-0 nylon sutures threaded through PE-50 tubing for �ubsequent occlusion. To pre vent cerebral hypothermia during ischemia. the upper half of the animal was placed in a warming chamber reg ulated at 37.0 ± O.lQC and 95-100% relative humidity as described previously (Minamisawa et aI., 1990; Glazier et aI., 1994) . This modification of the two-vessel occlusion mode! of forebrain ischemia �Smith et al.. 1984) may ac count for the widespread distribution of neuronal necrosis observed in the present study. After administration of 50 units of heparin. the concentration of halothane was fixed at 0.5% and forebrain ischemia was initiated using bilat eral carotid artery occlusion coupled with hemorrhagic hypotension. During the 6-min period of ischemia, MABP was regulated between 55 and 60 mm Hg by hemorrhage through the tail arterial cannula. Following ischemia, the carotid arteries were reopened and the exsanguinated blood was infused until MABP reached preischemic lev els. During the tirst 60 min of recirculation, the head of the animal was kept in the warming chamber and rectal temperature was regulated at 37.5°. At this time, the tail cannula was removed, the wounds closed. and core tem perature regulated at 37SC until the animal exhibited spontaneous movement. Arterial blood was sampled prior to application of KCI, before forebrain ischemia, and after 6O-min recirculation. Animals in which arterial variables were outside the normal range (pH, 7.36-7.51; Pco2, 30-45 mm Hg; Po2, 100--170 mm Hg; glucose, 90-170 mg/dl; MABP <80 mm Hg) were excluded from the study.
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Histopathology
Following survival for 6 days, animals were anesthe tized with pentobarbital and petiusion·fixed with FAM (37% formaldehyde/glacial acetic acid/methanol, I: I :8).
The brains were postfixed for 2 days at 4°C in F AM, embedded in paraffin, and sectioned at a thickness of 4 fLm. The sections were stained with 0.10/() buffered thionin and 1 % acid fuchsin. Four levels of the brain were exam ined: level I (Ll), at the striatum (O-l mm cauda! to bregma); level 2 (L2), at the dorsal hippocampus (3-4 mm caudal to bregma); level 3 (L3), at the ventral hippocam pus (5-6 mm caudal to bregma); level 4 (L4), at the pineal bod�' (7-8 mm caudal to bregma). Necrotic neurons were identified at a magnification of 400x using the criteria described by Auer et al. (I984) . Neurons were counted as necrotic only when red acidophilic nuclei or cytoplasm could be distinguished, while small fragments of acido philic processes were excluded. The neocortices were quantified bilaterally by counting all necrotic neuron� in one section at each of the four levels. Neuronal damage 1O the striatum and hippocampus was quantified by counting all necrotic striatal neurons in one section at level I and all necrotic CA]-CA4 pyramidal neurons in one section at level 2. Counting was performed without knowledge of the sid.e of application of KCI.
Cortical direct current potential
In a separate set of five animals, cortical direct current (DC) potential was measured bilaterally during the 2-h period of KCI application. A coronal skin incision was made over the parietal skull and burr holes 3 mm in di ameter were made bilaterally 5 mm caudal to bregma and 4 mm lateral to the sagittal suture, leaving the dura intact. Polypropylene wells were glued to the edges of the burr holes and filled with phYSIOlogical saline. Ag/AgCI wire electrodes were immersed in each well , and a reference Agi AgCI pellet electrode (EP2; World Precision Instru ments, Sarasota. FL, U.S.A.) was inserted under the skin of the upper back of the animal. DC potentials were re corded u�ing a DC amplifier with I06n input resistance.
In situ hybridization
Animals were killed using an overdose of halothane at the end of the 2-h period of KCI application (n = 9, in cluding those employed for DC recording) and after re covery for 2 h (n = 7) or 24 h (n = 2). Following death, the brain was removed from the cranium, frozen on dry ice, and sectioned at a thickness of 16 fLm in a cryostat at -15°C. In �itu hybridization was performed using oligo nucleotide probes for c-jos and hsp72 mRNAs as de scribed previously (Welsh et aI., 1992) .
Statistical analysis
Ditlerences in mean values of arterial variables were tested for statistical significance using one-way analysis of variance followed by Bonferroni correction. Interhemi spheric differences in lhe number of necrotic neurons were examined for statistical significance using the Wilcoxon signed rank test. and the 95% confidence inter vals for mean differences were calculated using the method described by Campbell and Gardner (1988) .
RESULTS
Arterial variables
There were no major differences in arterial vari ables at different stages of the experiment ( Table 1) . Arterial pH and MABP measured 60 min after isch emia were slightly higher than values obtained prior to CSD.
Histopathology
Transient forebrain ischemia for 6 min caused se lective neuronal necrosis in cerebral cortex, stria tum, septal nucleus, hippocampus, and thalamus. In the cerebral cortices, necrotic neurons were lo calized in layers 3-5, most extensively in the supe rolateral convexities, and less so in the cingulate cortex, piriform cortex, entorhinal cortex, and amygdaloid complex. In one animal, necrosis of all tissue elements occurred in the parietal cortex con tralateral to the site of KCI application (Table 2 , animal 7). In the hippocampus, necrosis was most prominent in the pyramidal neurons of the CAl sub field, but in four animals, neuronal necrosis also occurred in the CA3 and CA4 subfields. All animals exhibited a small lesion in the frontal cortex directly under the site of KCI application.
Quantification of neuronal necrosis revealed that the number of necrotic neurons in the cerebral cor tex ipsilateral to the application of KCI was signif icantly smaller than that in the contralateral cortex ( Table 2 ). The side-to-side differences in the cortex were significant for levels 1-3 and for total cortex, but not for level 4. There were no significant inter hemispheric differences in the number of necrotic neurons in striatum or hippocampus. Indeed, neu ronal necrosis in the subcortical structures was fre quently more,severe in t h e hemisphere ipsilateral to the site of KCI application. In the cerebral cortex, by contrast, the number of necrotic neurons was consistently lower in the ipsilateral than in the con tralateral cortex, with only one exception (Table 2 , animal 6, level 4). The ipsilateral/contralateral ratio of necrotic neurons in the cort e x of individual ani mals ranged from 0.12 to 0.73 (mean 0.44).
Cortical DC potential
Application of KCl induced transient negative de flections in DC potential in the ipsilateral cerebral cortex in all five animals tested. The number of DC transients detected during the 2-h application period was 11 ± 2 (mean ± SD). The duration of the in terval between initial application of KCI and the peak of the first DC transient was 5 ± 1 min. DC transients were not detected in the contralateral cortex. 
In situ hybridization
Widespread expression of c-fos mRN A occurred in the cerebral cortex ipsilateral to the KCI applica tion in all nine animals killed at the end of the 2-h application period (Fig. 1) . The intensity of expres sion was strongest in the rostral cortex and attenu ated gradually toward the occipital cortex ( Fig. I; A-L4). Within the layers of cortex, c-fos mRNA was expressed more intensely in the superficial cor-
Regional expression of c-fos mRNA following cortical spreading depression. KCI (2 M) was applied to the intact dura over the right frontal cortex for 2 h (A, arrow). The an imal was killed without recovery, and regional expression of c-fos mRNA was determined using in situ hybridization at five levels of the brain (A, L 1-L4). Expression of c-fos mRNA was limited to the ipsilateral cerebral cortex in a decreasing ros trocaudal gradient with strongest expression in the superfi cial cortical layers.
J Cereb Blood Flow Me/ab, Vol. 15, No.5, 1995 tex. No expression was detected in the contralateral cortex or in subcortical structures of either hemi sphere. Expression of c-fos mRNA persisted in the ipsilateral cortex with diminished intensity in ani mals killed 2 h after the termination of KCI appli cation (n = 7), but was absent in two killed at 24 h (data not shown).
Expression of hsp72 mRNA was restricted to the site of application of KCI in 15 of the 18 animals tested ( Fig. 2; A, arrows) . In the remaining three animals two of nine at O-h recovery and one of seven at 2-h recovery), a trace of hsp72 mRNA was detected in the superficial layers of the ipsilateral cortex at level 1 (dat':l not shown).
DISCUSSION
The present study demonstrates that CSD in duces tolerance of cortical neurons to a subsequent episode of ischemia. In previous models of induced tolerance, including our own, ischemic precondi tioning triggered the expression of hsp72, suggest ing that hsp72 and/or related stress proteins may play a role in the acquisition of tolerance (Kirino et aI., 1991; Liu et aI., 1992; Nishi et aI., 1993; Glazier et aI., 1994) . However, in the present study, CSD failed to induce the expression of hsp72 mRNA in regions that acquired ischemic tolerance. With mi nor exceptions, expression of hsp72 mRNA was de tected only at the site of KCl application. The lack of cortical expression of hsp72 mRNA following KCI-evoked CSD is in agreement with the results of a previous preliminary report (Nowak et aI., 1991) . Thus, it is unlikely that hsp72 plays a role in the induction of ischemic tolerance in cortical neurons following CSD.
What, then, is the mechanism by which CSD in duces ischemic tolerance? There are several possi bilities that should be considered. First, CSD has been shown to trigger expression of immediate early genes (lEGs), such as c-fos (Herrera and Rob ertson, 1990; Herdegen et aI., 1993) . lEGs encode transcription factors and thus have the potential to mediate expression of neuroprotective target genes. Recently, expression of c-fos and myc proteins was reported to correlate closely with the induction of tolerance to hypoxia by prostaglandin E, in cultured hippocampal neurons (Otsuki et aI., 1994) . In the present study, the expression of c-fos mRNA was weakest in the occipital cortex (level 4), the only level of cortex that failed to exhibit a statistically significant reduction in neuronal necrosis. How ever, a direct link between expression of c-fos mRN A and neuroprotection cannot be inferred from the results of the present study. was applied to the intact dura over the right frontal cortex for 2 h (A, arrow). Animals were killed without recovery (0 h Recovery) or after recovery for 2 h (2 h Recovery), and the regional expression of hsp72 mRNA was determined using in situ hybridiza tion at five levels of the brain (A, L 1-L4). Expression of hsp72 mRNA was restricted to the KCI application site (A, arrows). With minor exceptions (see text), no expression was detected at other levels of the brain at either time (data from L2-L4 not shown).
CSD has also been reported to induce the expres sion of brain-derived neurotrophic factor (BDNF) mRNA in a distribution similar to that of c-fos (Ko kaia et aI., 1993) . Recent evidence suggests that BDNF is neuroprotective when induced in vitro by KC1-evoked depolarization (Ghosh et aI., 1994) or when administered in vivo (Beck et aI., 1994) . Thus, expression of BDNF or other trophic factors fol lowing CSD may contribute to the induction of isch emic tolerance in cortical neurons.
Glial alterations following CSD may also be in volved in the induction of ischemic tolerance. CSD has been reported to lead to the formation of reac tive astrocytes containing glial fibrillary acidic pro tein (Kraig et aI., 1991; Bonthius and Steward, 1993) . Although the precise functions of reactive astrocytes are not known, the neuroprotective ef fe cts of astrocytes in primary neuronal cultures have been well documented (Vibulsreth et aI., 1987; Rosenberg and Aizenman, 1989) . Possibly, CSD may lead to augmented glial uptake and metabolism of glutamate, thereby enhancing the recovery of neurons following ischemia. Alternatively, CSD might induce the glial expression of neurotrophic factors. However, these possibilities must remain speculative until further evidence is obtained.
Finally, a long-lasting suppression of neuronal function and metabolism following CSD may dimin ish the impact of ischemia on energy metabolites. In a recent preliminary report, CSD decreased the rate of glucose utilization in the ipsilateral cortex, mea sured 3 days after application of KCl (Kawahara et aI., 1994) . A similar reduction of glucose utilization 24 h after CSD would be expected to preserve en ergy metabolites during brief ischemia and thus di minish neuronal necrosis.
Whatever the mechanism of neuroprotection fol lowing CSD, the result of the present study are rel evant to our previous findings that both sham oc clusion and brief occlusion of the MCA induced ischemic tolerance in cortical neurons (Glazier et aI., 1994) . Both occlusion and sham occlusion of the MCA have been reported to trigger widespread ex pression of c-fos mRNA in the ipsilateral cortex, presumably a consequence of CSD (Welsh et aI., 1992) . Thus, it is likely that CSD contributed to the induction of tolerance in cortical neurons following sham occlusion of the MCA. Further, the present results may be relevant to other studies of neuro protection using procedures that trigger CSD. In deed, needle puncture of the brain has been re ported to improve survival following forebrain isch emia in mice (Takahata and Shimoji, 1986) .
Last, the benefits of CSD evoked 24 h prior to ischemia should be contrasted with the adverse ef fects of CSD triggered by and occurring at the same time as ischemia (Chen et al., 1993; Back et al., 1994; Dietrich et al., 1994) . Through increased en ergy demand, periischemic CSD is believed to ex acerbate the pathologic consequences of ischemia. In the normal brain, however, CSD has not been associated with neuronal injury (Nedergaard and Hansen, 1988) . Indeed, as demonstrated in the present study, CSD did not induce the expression of hsp72 mRNA, which has been considered a marker of potentially lethal cell stress (Sloviter and Lowen stein, 1992) . Thus, compared to ischemia, CSD is a benign preconditioning stimulus for the acquisition of ischemic tolerance and hence may have clinical utility.
